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Abstract.  12 
Composite TiO2/acid leached serpentine tailings (AST) was synthesized through hydrolysis–deposition 13 
method, and characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), 14 
energy-dispersive X-ray spectrometry (EDS), Fourier transform infrared spectroscopy (FT-IR), 15 
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and surface area 16 
measurement (BET). The XRD analysis showed that TiO2 coated on the surface of acid leached 17 
serpentine tailings was mixed crystal phases of rutile and anatase, the grain size of which is 10~30 nm. 18 
SEM, TEM and EDS analysis exhibited that nano-TiO2 particles were deposited on the surface and 19 
internal cavities of acid leaching serpentine tailings. The XPS and FT-IR analysis demonstrated that the 20 
coating process of TiO2 on AST was a physical adsorption process. The large specific surface area, 21 
porous structure and plentiful surface hydroxyl group of TiO2/AST composite result in the high 22 
adsorption capacity of Cr (VI). The experimental results demonstrated that initial concentration of Cr 23 
(VI), the amount of the catalyst and pH greatly influenced the removal efficiency of Cr (VI). The 24 
removal kinetics of Cr (VI) at a relative low initial concentration was fitted well with 25 
Langmuir–Hinshelwood kinetics model with R2 value of about unity. The as-prepared composites 26 
exhibited strong adsorption and photocatalytic capacity for the removal of Cr (VI), and the possible 27 
photocatalytic reduction mechanism was studied. The photodecomposition of Cr (VI) was as high as 28 
95% within 2h and the reusability of the photocatalysis was proven. 29 
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1. Introduction 35 
In recent years, there has been considerable interest in the use of oxide semiconductor 36 
photocatalysts for the removal of pollutants. Titanium dioxide is comprehensively used because of its 37 
high photocatalytic effectiveness, chemical stability and low toxicity [1-3]. However, some obvious 38 
drawbacks, such as low quantum yield, small specific surface area, difficult recovery and low 39 
adsorption capacity, seriously limit the industrial application of pure TiO2 [4, 5]. As a result, numerous 40 
supported catalysts have attracted more and more interest because they allow easy recycling and give 41 
better photocatalytic performance [6-12]. All catalysis supports, such as bentonite, kaolinite, 42 
palygorskite and activated carbon, have unique structure and high adsorption properties because of 43 
their high specific surface area and negative lattice charge. The immobilization of TiO2 on a suitable 44 
and inert matrix can not only improve the operability but also exhibit a higher the photodecomposition 45 
of organic and inorganic pollutant than that of pure TiO2 [1, 13, 14]. The Cr (VI) is highly harmful 46 
when the concentration level is higher than 0.05 ppm [15]. Recently, the application of photocatalytic 47 
reduction process using TiO2 has been reported to effectively reduce hexavalent chromium in aqueous 48 
solutions to the less-toxic trivalent chromium [16, 17].  49 
 50 
Serpentine is a 2:1 clay mineral based upon a hydrated magnesium silicate which has three 51 
principal polymorphic forms including antigorite, chrysotile and lizardite. China has abundant 52 
serpentine mineral resources, which are mined for building materials, thermal/electrical insulation and 53 
fertilizer production [18, 19]. Serpentine tailings are known to be unfavorable accessory substances 54 
generated during mining activities. The crushed serpentine rock can produce large amount of serpentine 55 
tailings, which have bad environmental effects and are easily inhaled by people in mine districts and 56 
surrounding areas causing serious health problems [19, 20]. Currently, serpentine tailings have been 57 
reported to have a potential application as a source of nickel and magnesium metal by applying an acid 58 
extraction or calcination technique [18, 21]. The process of acid leaching of serpentine generates plenty 59 
of porous tailings with high specific surface area and large pore volume due to structural distortion, 60 
which make promising materials as absorbent and catalysis carriers. 61 
 62 
In this study, acid leaching serpentine tailings (AST) were used as matrix for TiO2 immobilization. 63 
TiO2/AST composites were prepared through hydrolysis–depositing method using titanium 64 
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tetrachloride as precursor. The photocatalytic properties of the composites were characterized by the 65 
degradation of Cr (VI) under UV light irradiation. Compared with pure TiO2 (P25), the adsorption 66 
capacity and photocatalytic reduction of Cr (VI), the mechanism of the photocatalytic reduction and the 67 
recycling properties were systematically studied. 68 
 69 
2. Experimental 70 
2.1. Materials 71 
Acid leaching serpentine tailings were provided by Akesai FLD Non-Metallic Co. Ltd., Gansu, 72 
China. AST were the accessory products of a pilot-scale test after acid extraction of nickel and 73 
magnesium. The chemical compositions of AST powder were measured by X-ray fluorescence 74 
(SPECTRO X-LAB2000).The main chemical compositions of AST are listed in Table 1. As 75 
summarized in Table 1, it is clear that the main chemical composition of AST is amorphous SiO2. 76 
Titanium tetrachloride (TiCl4), hydrochloric acid (HCl), ammonia liquor (NH3·H2O), potassium 77 
dichromate (K2Cr2O7) and other chemicals used in the experiments were analytical reagent grade 78 
without any further purification, which were purchased from Beijing Reagent Co. (Beijing, China). For 79 
comparison, pure commercial TiO2 (Degussa P-25) particles were also used. Deionized water was used 80 
throughout all experimental procedures.  81 
Table 1. Chemical compositions (wt%）of acid leaching serpentine tailings. 82 
SiO2 Al2O3 Fe2O3 TiO2 CaO MgO K2O Na2O L.O.I 
86.74 2.39 0.81 0.23 0.50 3.60 0.41 0.53 5.20 
 83 
2.2. Preparation of TiO2/AST composites 84 
The preparation of TiO2/AST composites was undertaken by the following procedure: Firstly, the 85 
AST powders were dispersed in deionized water under stirring at room temperature and AST 86 
suspension (liquid-solid ratio is 30:1) was obtained. Secondly, TiCl4 solution (0.43 mol/L) and 87 
(NH4)2SO4 solusion (1.5mol/L) were parallelly added to the prepared AST suspension according to the 88 
2:1 (molar ratio) of [Ti4+]/ [SO42-] at a particular dropping rate. The final pH value of the dispersion 89 
was adjusted to about 6 through addition of ammonia solution, followed by successively stirring for 1.5 90 
h and aged for 12 h. Then, the dispersion was filtrated by a vacuum filter and washed free of chloride 91 
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anions as determined by the use of the AgNO3, dried at room temperature, and dried further in an oven 92 
at 105 ℃ for 12 h. Finally, the obtained precipitate was calcined under static air atmosphere at 400°C 93 
500 °C, 600 °C, 700 °C, 800 °C and 900 °C for 2h, which were termed as samples CAST1, CAST2, 94 
CAST3, CAST4, CAST5 and CAST6, respectively. 95 
2.3. Characterization 96 
X-ray diffraction patterns were obtained by a PANalytical X’Pert PRO X-ray diffractometer. The 97 
AST powders and prepared composite samples were pressed in stainless samples holders. Incident 98 
X-ray radiation was produced from a line focused PW3373/10 Cu X-ray tube, operating at 40 kV and 99 
40 mA, with Cu K radiation of 1.541 Å. The incident beam passed through a 0.04 rad soller slit, a 100 
1/2 ° divergence slit, a 15 mm fixed mask, and a 1 ° fixed antiscatter slit. The morphology and 101 
chemical compositions of the sample were examined by scanning electron microscopy (S-3500N, FEI 102 
Company) equipped with an energy-dispersive X-ray spectrometer (EDX) analyzer. The transmission 103 
electron microscopy (TEM) was carried out on a Tecnai G220ST Spectrograph (FEI Company). Dried 104 
samples were analyzed by XPS (ESCALAB 250Xi, MgKa X-ray source at 15 kV and 20mA emission 105 
current). Fourier-transform infrared spectroscopy was also applied in this work, and the spectra were 106 
obtained using a Thermofisher Nicolet 6700 spectrometer. The samples were prepared in potassium 107 
bromide (KBr) pellets. The infrared spectra of prepared samples between 400 and 4000 cm-1 were 108 
recorded. Surface area analyses based on N2 adsorption/desorption were carried out with a 109 
Micromeritics Tristar 3000 instrument. Before the measurement, the samples were pre-heated at 105 °C 110 
for overnight under the flow of N2 on a Micrometrics Flowprep 060 degasser. Zeta potentials of 111 
TiO2/AST composite were measured at different pH using a Malvern ZEN 3600 Zetasizer, and the 112 
solution pH was adjusted by NaOH or HCl. 113 
 114 
2.4. Photocatalytic activity 115 
The photocatalytic activity of the as-prepared catalysts was evaluated by reduction of Cr (VI) 116 
under UV irradiation using a 300 W high-pressure mercury UV lamp (λ = 365 nm). For the reduction of 117 
hexavalent chromium, preset amount of as-prepared TiO2/AST composites or pure TiO2 was added into 118 
100 mL of Cr (VI) solution. Prior to UV illumination, the suspension was stirred in dark to determine 119 
the adsorption capacity of the composite catalyst and pure TiO2. The concentration of Cr (VI) was 120 
analyzed by diphenylcarbazide (DPC) method at 540 nm by analyzing the complex formed upon the 121 
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addition of colorimetric reagent 1, 5-diphenylcarbazide, and the detection limit is 5μg/L [22]. 122 
 123 
3. Results and discussion 124 
3.1 Characterization of TiO2/AST composites 125 
 126 
Fig.1. XRD patterns of (a) AST and (b)the TiO2/AST composites after heat treatment at 400 127 
°C（CAST1）, 500 °C（CAST2）, 600 °C（CAST3）, 700 °C（CAST4）, 800 °C（CAST5）and 128 
900 °C（CAST6）, respectively. 129 
Fig.1 shows the XRD patterns of (a) the original AST and (b) TiO2/AST composites calcined at 130 
400 °C, 500 °C, 600 °C, 700 °C, 800 °C and 900 °C for 2h. From the XRD pattern of AST, quartz, 131 
albite and talc were also found except for serpentine. The characteristic reflections of AST were 132 
observed in the XRD patterns of all TiO2/AST composites under different calcination temperatures 133 
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(Fig.1b). In XRD patterns of TiO2/AST composites, the characteristic reflections of TiO2 were also 134 
observed. The XRD pattern of CAST1 calcined at 400°C expressed as amorphous phase of anatase 135 
TiO2. With the increase of the calcination temperature, the crystallinity degree of TiO2/AST composites 136 
was improved significantly. The crystalline sizes of anatase in samples were estimated according to the 137 
Scherrer equation [23, 24], and the results are summarized in Table 2.  138 
Table 2. Grain size and crystal phase composition of TiO2 existed in TiO2/ AST composite 139 
materials calcined at varied temperatures. 140 
Sample Temperature/℃ CSA/nm IA IR CA（%） CR（%） 
CAST1 450 11.0 — — 100 0 
CAST2 550 11.7 — — 100 0 
CAST3 600 12.3 — — 100 0 
CAST4 700 17.6 112 17 83.9 16.1 
CAST5 800 20.9 179 16 89.8 10.2 
CAST6 900 20.1 119 27 77.7 22.3 
CSA—Crystalline sizes of anatase. 141 
CA—content of anatase. 142 
CR—Content of rutile. 143 
IA—Intensity of anatase (101) peak. 144 
IR—Intensity of rutile (110) peak. 145 
The calculated results indicated that the crystalline sizes of anatase in samples increased from 146 
11nm to 20.9nm with the calcination temperature increasing from 400 °C to 800 °C, while the 147 
crystalline size of CAST6 calcined at 900 °C decreased slightly. From the above results, the heat 148 
treatment has a significant effect on the crystalline size of TiO2 particles coated on the AST. The 149 
previous report shows that the anatase TiO2 transfers partly into rutile above 600 °C [31]. However, 150 
there were no obvious peaks of rutile TiO2 in the XRD patterns of CAST4, CAST5 and CAST6. The 151 
peak indicative of rutile TiO2 (110) may be overlapped by the peak corresponding to quarz (101) [32]. 152 
The mass fraction of anatase and rutile can be calculated from integrated intensities of anatase (101) 153 
and rutile (110) peaks and the obtained results are summarized in Table 2 [23]. From the Table 2, it can 154 
be found that the mixed crystal phases of anatase and rutile indeed existed in the samples CAST4, 155 
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CAST5 and CAST6. With the temperature increasing from 600 °C to 900 °C, the content of rutile 156 
increased accordingly, and the dominant phase of TiO2 is anatase. Moreover, all the diffraction peaks of 157 
anatase TiO2 became sharper and stronger as the calcination temperature increased. It has been proved 158 
from the literature that the increase in the crystallinity of TiO2 can usually lead to an improvement in 159 
the photocatalytic reduction effect [15, 26, 27]. As a result, it is concluded that the optimum calcination 160 
temperature is 800 °C. 161 
 162 
Fig.2. SEM micrographs and EDS analysis of original AST and CAST5 sample. 163 
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 164 
Fig.3. TEM micrographs and EDS analysis of CAST5 sample. 165 
TiO2 particles generated on the surface of AST can be directly observed using SEM. The SEM 166 
images of the original AST and CAST5 sample with same magnification are shown in Fig. 2. From Fig. 167 
2 (a), the serpentine structure was destroyed after acid leaching and showed partly porous structure. 168 
Similar observation has been reported previously [18, 19]. The SEM showing the prepared TiO2/AST 169 
particle morphology indicated that there were some new generated conglomerations on the surface of 170 
AST, which were mainly TiO2 particles according to EDS analysis (see Fig.2 A and B).  171 
 172 
TEM images of CAST4 sample are present in Fig. 3. The thickness of prepared samples was 173 
reduced by copper embedding technology in advance. Fig. 3a is a selective transverse section of 174 
TiO2/AST composite. There were many small spots on the surface of AST and the thickness was about 175 
500~800 nm. Through the EDS analysis of selective point A, the spots were proved to be TiO2 particles 176 
with an average size of dozens of nanometer. The interior microstructure of TiO2/AST composite is 177 
pictured in Fig. 3b. The composition of point B according to the EDS analysis was consistent with that 178 
of AST, which meant this district was the matrix. Thus, the circled region in Fig. 3 is one part of AST 179 
based on the same imaging contrast with point B. There were some grey curves like channels in the 180 
interior of AST, such as C and D in Fig. 3b, and EDS results of C and D showed that TiO2 particles 181 
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existed in these districts. It is assumed that the TiO2 particles are not only loaded on the surface of AST, 182 
but also deposited into internal channels of AST. This “permeation-type” loading leads to an increase of 183 
active sites and consequently improves the photocatalytic property of composite materials.   184 
185 
 186 
Fig.4. XPS survey scan spectra of AST and CAST5 sample. 187 
 188 
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 189 
 190 
Fig.5. XPS high resolution spectra of O 1s (a), Ti 2p (b) and Si 2s (c) for CAST5 sample. 191 
 192 
XPS technique was applied to study the dispersion of TiO2 on AST and to gain knowledge on the 193 
type of interaction involved between TiO2 particles and the supporting AST. The XPS survey scans of 194 
AST and CAST5 sample are presented in Fig. 4. The survey scans of AST proved that the main 195 
chemical composition of the catalysis carrier was amorphous SiO2, which was in line with the previous 196 
results. The peaks of Ti were seen in the scans of TiO2/ AST composite material. The absence of Ti ions 197 
in the composite material confirmed that the TiO2 particles were coated on AST. The high-resolution 198 
XPS spectra of O 1s, Ti 2p and Si 2p for TiO2/ AST composite material are compared in Fig. 5 in order 199 
to further explore the oxidation states of titanium ions, oxygen ions and silicon ions. The O1s spectrum 200 
of TiO2/ AST composite material displayed two distinct peaks. The higher peak at 530.48 eV was 201 
generated by oxygen ions in TiO2/ AST, which was slightly higher than that of pure TiO2 (529.80 eV) 202 
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[28]. The lower peak at 533.10 eV was correspond to oxygen ions in H2O. Moreover, Ti2p1/2 and 203 
Ti2p3/2 for TiO2/AST composite were located at binding energies of 464.11 and 458.38 eV respectively, 204 
which slightly shifted toward lower binding energy compared with the pure anatase TiO2 [29, 30]. The 205 
binding energy of Si 2p (103.58 eV) confirmed the presence of SiO2 in the composite. No significant 206 
Si-O-Ti bonds were formed after coating. It is concluded that the coating process of TiO2 on AST is a 207 
precipitation and adsorption process, which should be a physical adsorption process.   208 
 209 
Fig. 6. FT-IR spectra of AST and CAST5 sample. 210 
The infrared spectra of original AST and prepared CAST5 sample are shown in Fig. 6. As 211 
compared with the original AST, there were no significant differences in the spectrum of the prepared 212 
TiO2/ AST composite due to the low content of TiO2. The broad band between 3000 and 3500 cm-1, 213 
centered at around 3430 cm−1 and 3455 cm−1 respectively, indicated the presence of the O-H stretching 214 
vibrations on the surface of AST and TiO2/ AST composite. The absorption around 1638 cm−1 ascribed 215 
to the O-H bending mode and demonstrated the presence of molecularly adsorbed water in prepared 216 
samples. The two strong and broad bands around 1092 cm−1 and 1093 cm−1 demonstrated the presence 217 
of amorphous SiO2 in the prepared samples [31]. Bands with maxima at 798 cm-1, 794 cm-1, 465 cm-1 218 
and 467 cm-1 corresponded to vibrations of Si-O bonds. No new generated bonds, such as bands at 219 
950cm-1 attributed to Si-O-Ti antisymmetric stretching vibration, were observed in the spectrum of 220 
prepared TiO2/ AST composite, which was in agreement with the XPS results [10]. 221 
Table 3. BET surface analysis of AST, CAST5 sample and TiO2 (P25). 222 
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Sample ID SBET (m2 g-1) Vpa (cm-3 g-1) 
Average pore diameter (nm) 
BETb (nm) BJHc(nm) 
AST 171.92 0.22 14.72 11.46 
CAST5 146.59 0.20 13.56 10.24 
TiO2 (P25) 46.14 0.06 5.23 4.56 
a BJH desorption cumulative pore volume of pores between 1.7 and 300 nm in diameter. 223 
b Adsorption average pore diameter (4V/A by BET) 224 
c Barrett-Joyner-Halenda (BJH) desorption average pore diameter (4V/A) 225 
The BET specific surface areas (SBET), pore volume (Vp), as well as average adsorption and 226 
desorption pore diameter values are listed in Table 3. The high specific surface area of AST (171.92m2 227 
g-1) is favorable for support materials with a relatively high adsorption capacity. The specific surface 228 
area of TiO2/AST composite showed a slight decrease after coating TiO2 particles, which might be 229 
caused by the accumulation of TiO2 particles onto the surface of AST, resulting in the decrease of the 230 
pore size and volume of original AST. Compared with the TiO2/AST composite, the bare TiO2 (P25) 231 
had a distinctly lower specific surface area (46.14 m2 g-1) and pore volume (0.06 cm-3 g-1), suggesting 232 
that there are less porous structures in this material. 233 
3.2 Photocatalytic property and some influence facters of TiO2/AST composites 234 
3.2.1. Adsorption behavior of TiO2/AST composites 235 
   236 
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Fig. 7. Comparison of the adsorption capacities of CAST5 sample and bare TiO2 (P25) in the 237 
dark. (pH = 2.4, initial [Cr (VI)] = 1.9 mg/L, catalyst amount=2.0 g/L). 238 
The difference of adsorption capacities of T CAST5 sample and bare TiO2 (P25) in the dark in is 239 
present in Fig. 7. It is clear that the removal effect of the TiO2/AST composite increased remarkably 240 
with the increase of time which can reach about 50% over 1h. While for bare TiO2 (P25), the removal 241 
effect increased slightly in the same condition and the removal efficiency was very low. The results 242 
suggested that the TiO2/AST composite exhibited a better adsorption capacity for Cr (VI) which is 243 
about five times greater than that of bare TiO2, which is favorable for the photocatalytic reduction of 244 
Cr (VI). The high adsorption capacity of TiO2/AST composite should be attributed to its large specific 245 
surface area, porous structure and plentiful surface hydroxyl group [32]. 246 
 247 
3.2.2. Effect of catalyst amount on photocatalytic property 248 
 249 
Fig. 8. Effect of catalyst amount of CAST5 sample on the photocatalytic reduction of Cr (VI) 250 
solution (pH = 2.4, [Cr (VI)] = 1.9mg/L). 251 
Catalyst amount is a critical parameter to the photoreduction efficiency. A series of experiments 252 
were conducted with varying catalyst concentrations from 1.2% to 2.0% to determine the effect of 253 
catalyst amount and the results were shown in Fig. 8. The reduction efficiency with different catalyst 254 
amount reached a maximum at 110 min, and kept stable with further illumination. As the catalyst 255 
amount increase from 1.2% to 1.8%, the removal efficiency of Cr (IV) under the same illumination 256 
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time was enhanced significantly, reaching above 95% after 95 min treatment. The improvement of 257 
photocatalytic property was probably due to the increase of the number of available adsorption and 258 
active sites with increase in the catalyst amount. However, when the catalyst amount was up to 2%, no 259 
obvious enhancement was observed after 80 min illumination and the removal efficiency even 260 
decreased slightly because of the blockage of light, which is in line with the previous studies [33-35].  261 
 262 
3.2.3. Effect of initial concentration Cr (VI) on photocatalytic property 263 
 264 
Fig. 9. Effect of the initial Cr (VI) concentration on the photocatalytic reduction of 265 
Cr (VI) solution (pH = 2.4, [TiO2/AST] = 1.8 g/L). 266 
The effect of the initial Cr (VI) concentration on the removal efficiency of Cr (VI) by the CAST5 267 
sample is illustrated in Fig. 9. As the initial concentration of Cr (VI) is low, it is easy for the Cr (IV) 268 
ions to access the adsorption and active sites which exist in the exterior and interior of composite (see 269 
TEM images of composite), leading to an increase of the removal efficiency. However, the 270 
equilibration time for removal of Cr (IV) by higher initial Cr (VI) concentration is longer. The prepared 271 
composite showed higher removal efficiency for low initial Cr (VI) concentration than for high 272 
concentration solution. Furthermore, as the initial concentration increases, too many Cr (IV) ions are 273 
adsorbed on the surface of TiO2/AST composite and then a saturated state may occur. As a result, due 274 
to a fixed catalyst amount, the available adsorption and active sites are limit, resulting in the decrease 275 
of removal efficiency of Cr (IV) [33, 35].  276 
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 277 
3.2.4. Effect of pH on photocatalytic property 278 
 279 
Fig. 10. (a) Effect of the initial pH on the photocatalytic reduction of Cr (VI) solution (pH = 2.4, 280 
[TiO2/AST] = 1.8 g/L, illumination time =110min, [Cr (VI)] = 1.9mg/L) and (b) zeta 281 
potentials of bare CAST5 sample at different pH. 282 
The pH of the solution has an important effect on the photocatilytic process of catalyst. The 283 
relationship between the removal of Cr (IV) and solution acidity in the variation of initial pH 2–8 is 284 
presented in Fig. 10a. The TiO2/AST composites showed better adsorption property and photocatalytic 285 
activity in the acidic condition and the removal efficiency decreased rapidly with increasing pH. The 286 
result is in agreement with some previous reports, which shows TiO2 is more resistant to low pH 287 
solution due to the amphoteric behavior of semiconducting TiO2 [36, 37]. Fig. 10b displays the zeta 288 
potentials of TiO2/AST composite powders at different pH. It can be seen that the surface of TiO2/AST 289 
composite is positively charged in acidic solution and negatively charged in basic solution. When pH 290 
values are greater than about 2, the catalyst surface becomes negatively charged, thus preventing the 291 
negatively charged anion from adsorbing onto the surface of composite. Conversely, acidic conditions 292 
would favor the electrostatic attraction between the positively charged surface and the negatively 293 
charged CrO42- or Cr2O72- in solution, which would result in high removal efficiency [38-40]. 294 
 295 
3.2.5. Kinetic modeling 296 
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 297 
Fig. 11. Liner transform ln C0/ Ct=f(t) of the removal of Cr (VI). 298 
The kinetics of photodegradtion of various inorganics over catalyst has been proposed to follow 299 
the Langmuir–Hinshelwood (LH) kinetics model. The initial photocatalytic reduction rates can be 300 
expressed as follows [30]: 301 
0
0
0
1
k
dt
dr
CK
CKC
LH
LH
                                                            (1)                  
302 
Where r0 is the initial photocatalytic removal rate (mg/L min) of chromium (VI) and C0 the initial 303 
concentration of chromium (VI) (mg/L) and KLH C0 is the adsorption equilibrium constant (L/mg). 304 
When the initial concentration of Cr (VI) is very low, the term KLH is negligible, and the LH model can 305 
be rearranged by the following first-order equation [41, 42]: 306 
ln(C0 / Ct) = kapp×t                                                                  (2) 307 
Where Ct is the concentration of the chromium (VI) at time t, and C0 is the initial concentration of 308 
the chromium (VI).The constant kapp is the apparent pseudo first-order rate constant represented by the 309 
slope of the obtained line. When Eq. (1) is linearized, the follow relationship is obtained: 310 
kCkKLH
111
r
1
00




                                                               (3) 311 
     Fig. 11 shows the plots of the results of the photocatalytic experiments based on the Eq. (2). The 312 
calculated values are summarized in Table 4.  313 
Table 4. Pseudo-first order apparent constant values for Cr (VI) reduction. 314 
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Initial [Cr (VI)] 
(mg·L−1) 
Reaction rate,  
kapp (min-1) 
R2 
Intial reaction rate,  
r0 (mg/L min-1) 
1.9 0.046 0.995 0.0874 
3.7 0.035 0.999 0.1295 
5.5 0.029 0.988 0.1595 
7.1 0.014 0.97 0.0994 
9.2 0.011 0.982 0.1012 
As illustrated in Table 4 and Fig. 11, the reduction of Cr (VI) fitted well with the 315 
Langmuir–Hinshelwood (L–H) kinetics model at a relative initial concentration of the chromium (VI) 316 
from 1.9 mg/L to 5.5 mg/L, which described a linear behavior with a correlation coefficient (R2) of 317 
about 0.99. According to Eq. (3), a straight line with an intercept of 1/k and a slope of 1/kKLH was 318 
obtained (insert map of Fig.9), where k and KLH are determined and the values were calculated to be 319 
4.35 (mg/L min) and 0.29 (L/mg) respectively. Correlation coefficient (R2) for the regression line is 320 
0.998. Based on the obtained results, it is clear that k > KLH, which means that the adsorption of Cr(VI) 321 
is the controlling step of the photodegradtion process, as well as the precious studies described before 322 
[31, 43].  323 
 324 
3.2.6. Catalyst reuse 325 
 326 
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Fig.12. Reproducibility of CAST5 sample and pure TiO2 (P25) for Cr (VI) photocatalytic 327 
reduction for four cycles (pH = 2.4, catalyst amount = 1.8 g/L, each reduction time=110min, [Cr 328 
(VI)] = 1.9 mg/L). 329 
The same TiO2/AST catalyst was used in consecutive photocatalytic experiments under the same 330 
photocatalytic conditions in order to evaluate the durability of the composite catalyst and pure TiO2 on 331 
repeated use. At the end of each cycle, the catalysts were separated by centrifugation and used in the 332 
following run, while no pre-conditioning of the used catalysts were undertaken between consecutive 333 
runs. The removal efficiency of the CAST5 and pure TiO2 catalysts slightly decreased with the cycle 334 
number increasing as depicted in Fig. 12. The TiO2/AST composite material exhibited a superior 335 
removal capacity for Cr (VI) than the bare TiO2 particles in the same condition. After four consecutive 336 
experiments, the removal efficiency of composite decreased by about 11% (from 95% to 84%), which 337 
implies that the catalyst retained its activity for Cr (VI) removal. The slightly descent of property might 338 
be caused by the adsorption of the Cr (III) generated after photocatalytic reactions, which results in the 339 
decrease of adsorption and active sites on the surface of TiO2/AST composite. 340 
 341 
4. Conclusions 342 
The novel TiO2/AST composites were prepared through a simple hydrolysis–depositing method at 343 
low temperature. TiO2 particles were successfully deposited on the surface of AST powders and the 344 
calcination temperature has a significant effect on the crystalline size and form based on the results of 345 
XRD analysis. Through the characterizations of TiO2/AST composites, the porous structure, the346 
“permeation-type” loading of anatase TiO2 and numerous hydroxyl groups on the surface of prepared 347 
TiO2/AST composite are favorable for the photoreduction of Cr (VI). The adsorption test in the dark 348 
indicated that TiO2/AST composites exhibited a better adsorption capacity for Cr (VI) which is about 349 
five times greater than that of bare TiO2. The investigation of photocatalytic property showed that 350 
initial concentration of Cr (VI), the amount of the catalyst and pH greatly influenced the removal 351 
efficiency of Cr (VI). The removal kinetics of Cr (VI) followed the Langmuir–Hinshelwood kinetics 352 
model at a relative low initial concentration of Cr (VI). In addition, the results of repeated use 353 
experiments proved that the prepared materials are stable photocatalysts for repeated usage. The 354 
TiO2/AST composite is a promising material for environmental management and water purification for 355 
 20 
 
its good adsorption and photocatalytic property. 356 
 357 
Acknowledgments 358 
The authors gratefully acknowledge the financial support provided by National Technology R&D 359 
Program in the 12th five years plan of China（2011BAB03B07）. The first author also thanks the China 360 
Scholarship Council (CSC) for financial support.361 
 21 
References 362 
[1] L.L. Zhang, J.Q. Liu, C. Tang, J.S. Lv, H. Zhong, Y.J. Zhao, X. Wang, Palygorskite and 363 
SnO2–TiO2 for the photodegradation of phenol. Appl. Clay Sci. 51 (2011) 68–73. 364 
[2] X.B. Chen, S.S. Mao, Titanium dioxide nanomaterials: synthesis, properties, modifications, and 365 
applications. Chem. Rev. 107 (2007) 2891–2959. 366 
[3] C.M. Ling, A. R. Mohamed, S. Bhatia, Performance of photocatalytic reactors using immobilized 367 
TiO2 film for the degradation of phenol and methylene blue dye present in water stream. Chemosphere 368 
57 (2004) 547–554. 369 
[4] Y. L. Zhang, H. H. Gan, G.K. Zhang, A novel mixed-phase TiO2/kaolinite composites and their 370 
photocatalytic activity for degradation of organic contaminants. Chem. Eng. J. 172 (2011) 936– 943. 371 
[5] B. Xue, J. Xu, P. Liu, L.Ch Lv, Ch.F Xu, Y.X Li, K. Zhang, Acid–base properties of TiO2-modified 372 
MCM-41 mesoporous silica and its catalytic performance for ortho-selective ethylation of phenol with 373 
diethyl carbonate. Journal of Molecular Catalysis A: Chemical 357 (2012) 50-58. 374 
[6] V. Durgakumari, M. Subrahmanyama, K.V. Subba Rao, A. Ratnamala, M. Noorjahan, Keiichi 375 
Tanaka, An easy and efficient use of TiO2 supported HZSM-5 and TiO2 + HZSM-5 zeolite combinate 376 
in the photodegradation of aqueous phenol and p-chlorophenol. Appl. Catalysis A-Gen. 234 (2002) 377 
155-165. 378 
[7] Y. Zhang, P. Zhang, Y.N. Huo, D.Q. Zhang, G.Sh. Li, H.X Li, Ethanol supercritical route for 379 
fabricating bimodal carbon modified mesoporous TiO2 with enhanced photocatalytic capability in 380 
degrading phenol. Appl. Catal-B: Environ. 115– 116 (2012) 236– 244. 381 
[8] S.N. Hosseini, S.M. Borghe, M. Vossoughi, N. Taghavinia, Immobilization of TiO2 on perlite 382 
granules for photocatalytic degradation of phenol. Appl. Catal-B: Environ. 74 (2007) 53–62. 383 
[9] Y. L. Zhang, L.J. Deng, G.K. Zhang, H.H. Gan, Facile synthesis and photocatalytic property of 384 
bicrystalline TiO2/rectorite Composites. Colloids and Surfaces A: Physicochem. Eng. ASTects 384 385 
(2011) 137– 144. 386 
[10] K. Mamulová Kutláková, J. Tokarský , P. Kovár, S. Vojtěšková, A. Kováŕová, B. Smetana, J. 387 
Kukutschová, P. Čapková, V. Matějka, Preparation and characterization of photoactive composite 388 
kaolinite/TiO2. J. Hazard. Mater. 188 (2011) 212–220. 389 
[11] R. Kun, K. Mogyorósi, I. Dékány, Synthesis and structural and photocatalytic properties of 390 
TiO2/montmorillonite nanocomposites. Appl. Clay Sci. 32 (2006) 99–110. 391 
 22 
[12] H. Ichiura, T. Kitaoka, H. Tanaka, Removal of indoor pollutants under UV irradiation by a 392 
composite TiO2–zeolite sheet prepared using a papermaking technique. Chemosphere 50 (2003) 79–83. 393 
[13] H.Y. Zhu, J.Y. Li, J.C. Zhao, G.J. Churchman, Photocatalysts prepared from layered clays and 394 
titanium hydrate for degradation of organic pollutants in water. Appl. Clay Sci. 28(2005), 79–88. 395 
[14] J.J. Xu, Y.H. Ao, D.G. Fu, C.W. Yuan, Synthesis of fluorine-doped titania-coated activated carbon 396 
under low temperature with high photocatalytic activity under visible light. J. Phys. Chem. Solids 397 
69(2005), 2366–2370. 398 
[15] A. Pandikumar, R. Ramaraj, Titanium dioxide–gold nanocomposite materials embedded in silicate 399 
sol–gel film catalyst for simultaneous photodegradation of hexavalent chromium and methylene blue. J. 400 
Hazard. Mater. 203– 204 (2012) 244– 250. 401 
[16] Y. Ku, I. Jung, Photocatalytic reduction of Cr(VI) in aqueous solutions by UV irradiation with the 402 
presence of titanium dioxide. Water Res. 35 (2001) 135-142. 403 
[17] B. Sun, E.P. Reddy, P.G. Smirniotis, Visible light Cr(VI) reduction and organic chemical oxidation 404 
by TiO2 photocatalysis. Environ. Sci. Technol. 39 (2005) 6251-6259. 405 
[18] Q.W. Zhang, K. Sugiyama, F. Saito, Enhancement of acid extraction of magnesium and silicon 406 
from serpentine by mechanochemical treatment. Hydrometallurgy 45 (1997) 323-331. 407 
[19] P. Zhu, L.Y. Wang, D. Hong, G.R. Qian, M. Zhou, A study of making synthetic oxy-fluoride 408 
construction material using waste serpentine and kaolin mining tailings. Int. J. Miner. Process. 104-105 409 
(2012) 31–36. 410 
[20] E. Gidarakos, K. Anastasiadou, E. Koumantakis, S. Nikolaos, Investigative studies for the use of 411 
an inactive asbestos mine as a disposal site for asbestos wastes. J. Hazard. Mater. 153 (2008) 955–965. 412 
[21] A. Fedoročková, M. Hreus, P. Raschman, G. Sučik, Dissolution of magnesium from calcined 413 
serpentinite in hydrochloric acid. Miner. Eng. 32 (2012) 1–4. 414 
[22]A. Idris, N. Hassan, R. Rashid, A. Ngomsik, Kinetic and regeneration studies of photocatalytic 415 
magnetic separable beads for chromium (VI) reduction under sunlight. J. Hazard. Mater. 186 (2011) 416 
629–635. 417 
[23] M. Rieder, M. Klementová, L. Szatmáry, High-temperature growth of anatase on kaolinite 418 
substrate. Proc. R. Soc. A 466 (2010) 721–730. 419 
[24] H.Z. Zhang, J.F. Banfield, Understanding polymorphic phase transformation behavior during 420 
growth of nanocrystalline aggregates: insights from TiO2. J. Phys. Chem. B 104 (2000) 3481–3487. 421 
 23 
[25] J. Yuan, M.X. Chen, J.W. Shi, W.F. Shangguan, Preparations and photocatalytic hydrogen 422 
evolution of N-doped TiO2 from urea and titanium tetrachloride. Int. J. Hydrogen Energ. 31 (2006) 423 
1326 – 1331. 424 
[26] G. Tian, H. Fu, L. Jing, B. Xin, K. Pan, Preparation and characterization of stable biphase TiO2 425 
photocatalyst with high crystallinity, large surface area, and enhanced photoactivity. J. Phys. Chem. C 426 
112 (2008) 3083. 427 
[27] B. Ohtani, S. Nishimoto, Effect of surface adsorptions of aliphatic alcohols and silver ion on the 428 
photocatalytic activity of titania suspended in aqueous solutions. J. Phys. Chem. 97 (1993) 920. 429 
[28] Z.L. Jiang, X. Dai, H. Middleton, Effect of silicon on corrosion resistance of Ti–Si alloys, Mater. 430 
Sci. Eng. B 176 (2011) 79-86.  431 
[29] Z. Song, J. Hrbek, R. Osgood, Formation of TiO2 nanoparticles by reactive-layerassisted 432 
deposition and characterization by XPS and STM. Nano Lett. 5 (2005) 1327–1332. 433 
[30] X.J. Wang, Y.F. Liu, Z.H. Hu, Y.J. Chen, W. Liu, G.H. Zhao, Degradation of methyl orange by 434 
composite photocatalysts nano-TiO2 immobilized on activated carbons of different porosities, J. Hazard. 435 
Mater. 169 (2009) 1061–1067. 436 
[31] A.K. Panda, B.G. Mishra, D.K. Mishra, R.K. Singh, Effect of sulphuric acid treatment on the 437 
physicochemical characteristics of Kaolin clay. Colloids Surf. A 363 (2010) 98–104. 438 
[32] F.T. Chen, P.F. Fang, Y.P. Gao, Z. Liu, Y. Liu, Y.Q. Dai, Effective removal of high-chroma crystal 439 
violet over TiO2-based nanosheet by adsorption–photocatalytic degradation, Chem. Eng. J. 204–206 440 
(2012) 107–113. 441 
[33] P. Mohapatra, S.K. Samantaray, K. Parida, Photocatalytic reduction of hexavalent chromium in 442 
aqueous solution over sulphate modified titania. J. Photochem. Photobiol. A: Chem. 170 (2005) 443 
189–194. 444 
[34] B. Zhou, X. Zhao, H.J. Liu, J.H. Qu, C.P. Huang, Visible-light sensitive cobalt-doped BiVO4 445 
(Co-BiVO4) photocatalytic composites for the degradation of methylene blue dye in dilute aqueous 446 
solutions. Appl. Catal. B 99 (2010) 214–221. 447 
[35] F. Jiang, Z. Zheng, Z.Xu, S. Zheng, Z. Guo, L. Chen, Aqueous Cr(VI)photo-reduction catalyzed 448 
by TiO2 and sulfated TiO2. J. Hazard. Mater. B 134 (2006) 94–103. 449 
 24 
[36] S. Chakrabarti, B. Chaudhuri, S. Bhattacharjee, A.K. Ray, B.K. Dutta, Photo-reduction of 450 
hexavalent chromium in aqueous solution in the presence of zinc oxide as semiconductor catalyst. 451 
Chem. Eng. J. 153 (2009) 86–93.  452 
[37] T. Papadam, N.P. Xekoukoulotakis, I. Poulios, D. Mantzavinos, Photocatalytic transformation of 453 
acid orange 20 and Cr(VI) in aqueous TiO2 suspensions. J. Photoch. Photobio. A 186 (2007) 308–315. 454 
[38]H. Fu, G. Lu, S. Li, Adsorption and photo-induced reduction of Cr(VI) ion in 455 
Cr(VI)-4CP(4-chlorophenol) aqueous system in the presence of TiO2 as photocatalyst. J. Photochem. 456 
Photobiol. A: Chem. 114 (1998) 81–88. 457 
[39] D. Chen, A.K. Ray, Photocatalytic kinetics of phenol and its derivatives over UV irradiated TiO2. 458 
Appl. Catal. B: Environ. 23 (1999) 143–157. 459 
[40] K. V. Kumar, K. Porkodi, F. Roch, Langmuir–Hinshelwood kinetics – A theoretical study. Catal. 460 
Commun. 9 (2008) 82–84. 461 
[41] N. Guettai, H. Ait Amar, Photocatalytic oxidation of methyl orange in presence of titanium dioxide 462 
in aqueous suspension. Part II. Kinetics study, Desalination 185 (2005) 439–448. 463 
[42] O. Moradi, K. Zare. Adsorption of Pb(II), Cd(II) and Cu(II) ions from aqueous solution onto 464 
SWCNTs and SWCNT-COOH Surfaces: kinetics study, Fullerenes, Fuller., Nanotub. Car. N., 19 (2011) 465 
628-652. 466 
[43] J. Lia, T. X. Wang, X. H. Dua, Preparation of visible light-driven SnS2/TiO2 nanocomposite 467 
photocatalyst for the reduction of aqueous Cr (VI). Sep. Purif. Technol. 101 (2012) 11–17.  468 
469 
 25 
LIST OF FIGURES 470 
Fig.1. XRD patterns of (a) AST and (b) the TiO2/AST composites after heat treatment at 400 °C 471 
(CAST1）, 500 °C（CAST2）, 600 °C（CAST3）, 700 °C（CAST4）, 800 °C（CAST5）and 900 472 
°C（CAST6）, respectively. 473 
 474 
Fig.2. SEM micrographs and EDS analysis of original AST and CAST5 sample. 475 
 476 
Fig.3. TEM micrographs and EDS analysis of CAST5 sample. 477 
 478 
Fig.4. XPS survey scan spectra of AST and CAST5 sample. 479 
 480 
Fig.5. XPS high resolution spectra of O 1s (a), Ti 2p (b) and Si 2s (c) for CAST5 sample. 481 
 482 
Fig. 6. FT-IR spectra of AST and T CAST5 sample. 483 
 484 
Fig. 7. Comparison of the adsorption capacities of CAST5 sample and bare TiO2 (P25) in the 485 
dark. (pH = 2.4, initial [Cr (VI)] = 1.9 mg/L, catalyst amount=2.0 g/L). 486 
 487 
Fig. 8. Effect of catalyst amount on the photocatalytic reduction of Cr (VI) solution (pH = 2.4 [Cr 488 
(VI)] = 1.9mg/L). 489 
 490 
Fig. 9. Effect of the initial Cr (VI) concentration on the photocatalytic reduction of Cr (VI) 491 
solution (pH = 2.4, [TiO2/AST] = 1.8 g/L). 492 
 493 
Fig. 10. (a) Effect of the initial pH on the photocatalytic reduction of Cr (VI) solution ([TiO2/AST] 494 
= 1.8 g/L, illumination time=110min, [Cr (VI)] = 1.9mg/L) and (b) zeta potentials of bare TiO2 / 495 
CAST5 sample at different pH. 496 
 497 
Fig. 11. Liner transform ln C0/ Ct=f (t) of the removal of Cr (VI) 498 
 499 
 26 
Fig.12. Reproducibility of CAST5 sample and pure TiO2 (P25) for Cr (VI) photocatalytic 500 
reduction for four cycles (pH = 2.4, catalyst amount = 1.8 g/L, each reduction time=110min, [Cr 501 
(VI)] = 1.9 mg/L). 502 
503 
 27 
LIST OF TABLES 504 
Table 1. Chemical composition (wt%）of acid leaching serpentine tailings. 505 
 506 
Table 2. Grain size and crystal phase composition of TiO2 existed in TiO2/ AST composite 507 
materials calcined at varied temperatures. 508 
 509 
Table 3. BET surface analysis of AST, CAST5 sample and TiO2 (P25). 510 
 511 
Table 4. Pseudo-first order apparent constant values for Cr (VI) reduction. 512 
